ABSTRACT.
This paper examines the influence of acylation of the Lys-ε-NH 3 + groups of bovine carbonic anhydrase (BCA, E.C. 4.2.1.1) to Lys-ε-NHCOR (R = -CH 3 , -CH 2 CH 3 , and -CH(CH 3 ) 2 , -CF 3 ) on the rate of denaturation of this protein in buffer containing sodium dodecyl sulfate (SDS). Analysis of the rates suggested separate effects due to electrostatic charge and hydrophobic interactions. Rates of denaturation (k Ac,n ) of each series of acylated derivatives depended on the number of acylations (n). Plots of log k Ac,n vs. n followed Ushaped curves. Within each series of derivatives, rates of denaturation decreased as n increased to ~7; this decrease was compatible with increasingly unfavorable electrostatic interactions between SDS and protein. In this range of n, rates of denaturation also depended on the choice of the acyl group as n increased to ~7, in a manner compatible with favorable hydrophobic interactions between SDS and the -NHCOR groups. As n increased in the range 7 < n < 14 however, rates of denaturation stayed approximately constant; analysis suggested these rates were compatible with an increasingly important contribution to denaturation that depended both on the net negative charge of the protein and on the hydrophobicity of the R group. The mechanism of denaturation thus seems to change with the extent of acylation of the protein. For derivatives with the same net electrostatic charge, rates of denaturation increased with the acyl group (by a factor of ~3 for n ~ 14) in the order CH 3 CONH-< CH 3 CH 2 CONH-< (CH 3 ) 2 CHCONH-< CF 3 CONH-. These results suggested that the hydrophobicity of CF 3 CONH-is slightly greater (by a factor of < 2) than that of R H CONHsimilar in surface area.
INTRODUCTION.
This paper describes the rates of denaturation of bovine carbonic anhydrase II (BCA, E.C. 4.2.1.1) derivatized with fluorocarbon acyl groups (CF 3 CONH-) and hydrocarbon acyl groups of similar surface area (R H CONH-; R H = CH 3 -, CH 3 CH 2 -, or (CH 3 ) 2 CH-) in solutions containing sodium dodecyl sulfate (SDS). By comparing rates, we address two problems:
i) the mechanism of denaturation of these proteins in SDS; ii) whether the hydrophobicity of fluorocarbons is distinguishable from that of hydrocarbons in protein chemistry.
Our measure of the influence of CF 3 CONH-and R H CONH-groups on the properties (especially stability) of BCA was the rate of denaturation of BCA-[CF 3 CONH-] n and BCA-[R H CONH-] n in solutions of SDS (3.0 mM in Tris-Gly buffer: 25 mM tris-192 mM glycine, pH = 8.4, 22 °C). Analysis of reaction mixtures of protein and SDS by capillary electrophoresis (CE) allowed us to measure rates of denaturation conveniently and simultaneously for all acylated proteins having the same R. This ability to measure the same reaction occurring with large numbers of different proteins at the same time was essential in building sets of comparable data for different R. We interpreted the kinetics of denaturation in terms of increases in the hydrophobicity of the surface of the protein upon acylation, and concomitant decreases in the number of charged groups (and corresponding increases in the net negative charge of the protein). Although the mechanism for the denaturation of BCA by SDS is still not completely understood, [1] [2] [3] [4] [5] the kinetics suggested a dependence on the hydrophobic interactions of the acyl groups, with SDS and with neighboring groups at the surface of BCA, and a contribution from the net charge of the protein.
For BCA-[CF 3 CONH-] n and BCA-[R H CONH-] n , rates of denaturation (log k Ac,n )
followed a U-shaped curve with n. Rates decreased with n in the range 0 -7 (by factors of ~10 to 30) , remained approximately constant with n in the range 7 -14, and increased as n increased beyond ~15. A difference between the rates of denaturation for BCA-[CF 3 CONH-] n and BCA-[R H CONH-] n emerged and increased as n increased to ~7.
BCA-[CF 3 CONH-] n denatured more rapidly than BCA-[R H CONH-] n with the same electrostatic charge (by factors of ~2-3 when n = 14). The rates of denaturation suggested that the hydrophobicity of CF 3 CONH-groups is greater than that of R H CONH-groups, and not determined by surface area alone. According to this method of inferring the "hydrophobicity" of groups at the surface of a protein -primary amides generated by the acylation of Lys-ε-NH 3 + groups -CF 3 -groups are slightly more hydrophobic than R H -(per unit surface area). The hydrophobicity of CF 3 CONH-is still less than that of CH 3 (CH 2 ) 4 CONH-(based on the analysis of BCA-[CH 3 (CH 2 ) 4 CONH-] n in a previously reported study 1 . The hydrophobicity of CF 3 CONH-and R H CONH-groups analyzed and distinguished in this study includes contributions from both the hydrophobicity of CF 3 -and R H -groups, and the effect of these groups on the non-covalent interactions of the adjacent -CONH-group.
In the range 7 ≤ n ≤ 14, BCA-[CF 3 CONH-] n denatured more rapidly than BCA-[R H CONH-] n , but the difference in rates of denaturation of BCA-[CF 3 CONH-] n and of BCA-[R H CONH-] n was approximately constant for each R group. This observation suggested rates of denaturation that are independent of the number of acylations, but still depend upon whether the protein is derivatized with CF 3 CONH-or R H CONH-groups. We addressed this apparent contradiction by analytical modeling of the curves for log k Ac,n . The kinetics of denaturation suggest a change in the mechanism as the number of acylations increased beyond ~7 to one in which both the net negative charge of the protein and the hydrophobicity of the R group contribute to destabilization. Despite the complexity in the mechanisms of denaturation of BCA, these rates of denaturation suggest that CF 3 CONHgroups are slightly but distinguishably more hydrophobic than R H CONH-with similar surface area; this difference is a composite of the intrinsic hydrophobicity of R H -and CF 3 -groups, and the influence of these groups (we assume through inductive effects) on the polarity of the directly bonded amide groups.
Physical Properties of Fluorocarbon Groups.
Incorporation of F-or CF 3 -is an important tool in the design of ligands for proteins. [6] [7] [8] [9] [10] The contact angle of water is greater on surfaces presenting CF 3 -groups than that on surfaces presenting CH 3 -groups (118° and 112°, on self-assembled monolayers of CF 3 -or CH 3 -terminated alkanethiolates on gold); 11 the broad impression is that fluorocarbons are "more hydrophobic" than hydrocarbons. [12] [13] [14] Are they more hydrophobic, and is any difference evident in the context of molecular recognition in biochemistry?
Fluorine substitution has been exploited to influence the solubility, acid-base properties, and binding affinity of ligands; 8, 12 in addition, fluorine substitution can increase the bioavailability and metabolic stability of pharmaceuticals. 7 In the design of proteins, the use of fluorocarbon groups has been aimed at stabilizing tertiary and quaternary structure, directing protein-protein interactions, and modifying protein-lipid interactions. [15] [16] [17] [18] [19] [20] Previous studies have examined the effect of non-native amino acids (e.g., hexafluoroleucine, trifluorovaline) on the stability of small proteins and on the assembly of helical peptides into oligomeric structures, in which CF 3 -groups are positioned within the hydrophobic core. [16] [17] [21] [22] [23] [24] [25] [26] Substitution of fluorocarbons for structurally analogous hydrocarbons, in most cases, increases the resistance of these structures to thermal and chemical denaturation.
Although CF 3 -groups appear to be more hydrophobic than CH 3 -groups, it is unclear whether surface area (which is larger for CF 3 -than for CH 3 -) or some other property determines the hydrophobicity of fluorocarbon groups. Fluorocarbon groups are less polarizable (per unit of molecular volume) than their hydrocarbon analogs, 13, 27 and are also distinguished from hydrocarbons by the polarity and inductive effect of C-F bonds. [12] [13] An understanding of how these properties influence molecular recognition, particularly at the surfaces of proteins, remains incomplete. 28 Values of π for R-C 6 H 5 indicate that the hydrophobicity of CF 3 -(π = 0.88) lies between that of CH 3 -(π = 0.56) and CH 3 CH 2 -(π = 1.02), and suggest a correlation between the hydrophobicity and the solvent-exposed surface areas of these groups. weakening the ability of -C(O)-to accept hydrogen-bonds from water (to a greater extent than increasing the ability of N-H to donate hydrogen-bonds to water). [36] [37] Further discussion of the comparison of the properties in Table 1 therefore has ~19 units of net negative charge. [41] [42] [43] Derivatives of BCA with greatest number of CF 3 CONH-that we could prepare, BCA-[CF 3 CONH-] 15 , have a net negative charge of ~17 units.
Each of the 18 lysine residues of BCA is located at the surface of BCA and is exposed to solvent. We believe that the acylation of surface-exposed Lys-ε-NH 3 + groups is largely random, although specific Lys-ε-NH 3 + groups may be especially reactive or unreactive. 44 "Rungs" of charge ladders are mixtures of regioisomers that have the same number of acylations but differ from each other in the sites of acylated Lys residues, distributed over the surface of the protein. 38 The use of charge ladders to analyze the effect of acylation on the properties of a protein relies on the behavior of mixtures of regioisomers to reveal the average effect of acylation, taken over all sites of acylated Lys. 1 This approach requires the approximation that the properties of derivatized proteins depend on n and the type of acyl group (e.g., CF 3 CONH-or R H CONH-), but do not depend on which Lys residues are acylated; we do not consider interactions of the acyl groups that may be specific to the site of acylation.
We wished to evaluate the contribution of hydrophobic interactions due to CF 3 CONH-groups on the surface of a protein in a way that was independent of the influence of acylation on electrostatic interactions. Our strategy was to compare the properties of corresponding rungs of the charge ladders BCA-[CF 3 CONH-] n and BCA-[R H CONH-] n . We assumed that the increase in net negative charge caused by the acylation of Lys-ε-NH 3 + groups was the same for the formation of CF 3 CONH-and R H CONH-groups, and that both types of acylation were random. We assumed that by comparing BCA-[CF 3 CONH-] n and BCA-[R H CONH-] n having the same charge, we would be able to attribute differences in the properties of these proteins to the hydrophobic interactions of CF 3 CONH-and R H CONH-at the surface of BCA, rather than to electrostatic interactions reflecting the conversion of -NH 3 + to RCONH-groups.
The first-order effects of acylation are the elimination of positive charge and the increase in hydrophobic surface area. Acylation of Lys-ε-NH 3 + also generates an amide.
The properties of BCA-[CF 3 CONH-] n and BCA-[R H CONH-] n potentially include contributions from the hydrogen-bonds of the amides generated by acylation. We expected the inductive effect of CF 3 -groups to influence the hydrogen-bonding of -CONH-groups, by weakening the hydrogen-bonds involving -C(O)-and by strengthening hydrogen-bonds donated by N-H; 45 we could not however predict how it would ultimately affect the properties of derivatives of BCA. [46] [47] [48] Details concerning hydrogen-bonds at the surface of BCA or its acylated derivatives, in aqueous solution, are not known (i.e., whether -CONHgroups are hydrogen-bonded to water molecules or to neighboring groups at the surface of BCA). 
Capillary Electrophoresis.
We analyzed charge ladders of BCA by resolving them on the basis of electrophoretic mobility µ Ac,n . In Equation 1, µ Ac,n is expressed as a function of the electrostatic charge of native BCA (Z o ; ~ -3.3 in Tris-Gly buffer, pH = 8.4) 39 , the molecular weight of BCA (M BCA ), the number of acylations (n), the change in electrostatic charge caused by the acylation of each Lys-ε-NH 3 + group (ΔΖ; ~ 0.9) 38, 40 , and the molecular weight of the acyl group (M Ac ).
The shape of the protein and other factors that relate the molecular weight to a hydrodynamic radius determine the value of α (often approximated as 2/3 for globular proteins); C p is a constant.
(
Peaks in CE represent derivatives having the same net electrostatic charge ("rungs") and allow us to know the number of acylations. Rungs observed in CE are mixtures of regioisomers having the same number of surface modifications. We expected, and found, values of µ Ac,n to be insensitive to the type of acyl group because M Ac is less than 0.3% of M BCA, and ΔΖ ~ -0.9 for each acyl group used in this paper. Analysis by CE resolved the charge ladder into rungs on the basis of µ Ac,n (top trace in Figure   2 ).
Analysis of the Denaturation of Charge Ladders in
Efforts to generate derivatives with more than 15 CF 3 CONH-groups, and ultimately peracylated derivatives, were unsuccessful. The yield of reactions with 1 (and other The plots in Figure 5 show the rate constants of denaturation (k Ac,n ) for BCA; the dependence of k Ac,n on n thus characterized the perturbation of both electrostatic and hydrophobic interactions involved in the interaction of BCA with SDS. We developed a model to interpret the shape of the curves for k Ac,n in terms of these interactions (discussed briefly in a later section). The mathematical model and fitting procedure are provided in detail in the Supporting Information; we were primarily interested in using the data for k Ac,n in Fig. 5 to distinguish the hydrophobicity of CF 3 CONH-and R H CONH-groups.
Distinguishing the Hydrophobicity of CF 3 CONH-and R H CONH-.
To evaluate the difference in hydrophobicity between CF 3 CONH-and R H CONHgroups at the surface of BCA, we compared the rates of denaturation of derivatives with the same number of acylations. The quantity , calculated using the rate constants of denaturation and , is the difference in the free energy of activation for the denaturation of BCA-[R H CONH-] n and BCA-[CF 3 CONH-] n (Eq. 2). Figure 6 ).
We drew two conclusions from the results in Figure 6 . (i) CF 3 CONH-groups are "more hydrophobic" (by 0.05-0.07 kcal mol -1 per group) than R H CONH-groups with the same surface area (i.e., R H = CH 3 CH 2 -or (CH 3 ) 2 CH-). The hydrophobicity of CF 3 CONHgroups is not determined by molecular surface area alone, and is thus distinguished from that of R H CONH-groups by some other property of CF 3 -groups. (We discuss the possibility that the inductive effect of CF 3 -on the hydrogen-bonding of -CONH-contributes to hydrophobicity in a later section). The difference in hydrophobicity between CF 3 CONHand R H CONH-groups is not large however; CF 3 CONH-groups are still less hydrophobic than CH 3 (CH 2 ) 4 CONH-groups.
(ii) The factors that determine the rates of denaturation change as the number of acylations increases beyond n ~ 7. For n = 7 -14, there is little change in the rate of denaturation for CF 3 CONH-and all of the R H CONH-groups (CH 3 (CH 2 ) 4 CONH-is less well-behaved than the others) as R H CONH-groups are added.
Interpretation of Rates in Terms of Hydrophobicities of the Acyl Groups.
The interpretation of the kinetic data in Figures 5 and 6 suggest there are three kinetic regimes. Identifying and characterizing these regimes is straightforward, although full interpretation of them is complicated. Fortunately, in order to interpret these data in terms of the relative hydrophobicity of the acylating groups used, a full mechanistic interpretation is not necessary. iii) Denaturation Strongly Promoted by Acylation (n > 14). In this regime, acylation accelerates unfolding and suggests that a separate process takes over denaturation. iii) It does not distinguish changes that result from increasing the area and atoms (H vs. F) exposed on the surface of the R, from changes in the amide group of RCONH-, or from differences in polarizability between H and F. In the discussion that follows, we use the word "hydrophobicity" to mean the effective hydrophobicity of the RCONH-group, not of the R group alone.
CF 3 CONH-groups are slightly more hydrophobic than R H CONH-groups of similar surface area. The CF 3 CONH-group has a larger wetted surface area than the CH 3 CONH-group; we thus expected the CF 3 CONH-group to be more hydrophobic than the CH 3 CONH-group, even if the intrinsic hydrophobicity per unit surface area were the same.
Using the rates of denaturation of acylated derivatives of BCA by SDS, affected in part by the hydrophobic interactions of SDS with the acyl groups at the surface of proteins (for n ≤ 7), we infer that CF 3 CONH-are more hydrophobic (by a factor < 2) than CH 3 CH 2 CONH-and (CH 3 ) 2 CHCONH--hydrocarbon acyl groups of similar surface area.
The "hydrophobicity" of CF 3 CONH-groups is not determined by non-polar surface area alone. Our understanding of why BCA-[CF 3 CONH-] n denatures more rapidly than BCA-[R H CONH-] n in solutions of SDS remains incomplete. We can however conclude that the influence of CF 3 -groups, in the context of primary amides (CF 3 CONH-), is very similar to, but still distinguishable from, that of R H -groups (on an area-corrected basis) by some factor other than non-polar surface area. We suspect that the CF 3 -group influences the polarity and interactions of the -CONH-group to which it is connected by inductive (or some other) effects, and thus contributes to the overall "hydrophobicity" of the CF 3 CONH-group.
That is, the interactions of CX 3 -and of CX 3 CONH-(X = H, F) respond slightly differently upon exchange of H by F, even after correction for area.
The hypothesis that the inductive effect of -CF 2 -and CF 3 -groups can influence noncovalent interactions, and molecular recognition, of -CONH-is also supported by the analysis of the association of fluorocarbon-substituted benzenesulfonamide inhibitors with BCA. 57 Inhibitors containing F(CF 2 ) n CH 2 -CONH-"tails" (-CH 2 -spacer screening the amide from fluorocarbon) showed affinities for BCA that were within 0.4 kcal mol -1 of inhibitors with H(CH 2 ) n CH 2 -CONH-with similar surface area. Inhibitors containing the linkage F(CF 2 ) n -CONH-however showed greater affinity for BCA than expected based on surface area alone (by ~1 kcal mol -1 ). This result suggested that in the absence of a -CH 2 -spacer, F(CF 2 ) n -groups may influence the interaction between -CONH-groups and the active site.
The affinity of inhibitors without an H-bond donor -inhibitors with F(CF 2 ) n -CONCH 3 -and H(CH 2 ) n -CONCH 3 -tails -were indistinguishable upon correction for differences in surface area. This series of results implicated differences in H-bonding by N-H groups as the underlying difference between the free energy of association of fluorocarbon and hydrocarbon acyl groups having similar molecular surface area.
The small differences (< 0.06 kcal mol -1 per group) observed in this paper between derivatives of BCA with CF 3 CONH-and R H CONH-groups with similar surface area (R H = CH 3 CH 2 -, (CH 3 ) 2 CH-) may originate in differences in N-H acidity, but they may also originate from several other consequences of the inductive effect of CF 3 -: basicity of the -CONH-group, dipolar interactions involving the amide, or polarizability of the π electrons of the amide. We could not establish the relative importance of these effects. The system is complex, and the mechanism of denaturation of BCA is not fully determined.
Water-octanol partitioning of model compounds provided a more straightforward way to measure "hydrophobicity": one free of the complexity of interactions involved in the denaturation of proteins by SDS (but also one that may have limited relevance to modeling the effects of CF 3 CONH-and R H CONH-in proteins). Water-octanol partitioning data supported the hypothesis that the interactions of -CONH-contribute to the hydrophobicity of CF 3 CONH-. Partition coefficients showed that the hydrophobicity of CF 3 -(in relation to that of R H -groups) is sensitive to the neighboring functional group. For example, the difference in π between CF 3 -X and CH 3 CH 2 -X is ~0.1 when X = C 6 H 5 , but is ~0.9 when X = -CONH-CH 2 C 6 H 5 . These results suggest that the inductive effect of CF 3 -on CF 3 CONHleads to a compound that is more hydrophobic than expected from surface area of the CF 3 -group alone. 
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